The respective effects of meristem temperature, vapour pressure deficit (VPD) and photosynthetic photon flux density [PPFD) on leaf elongation rate (LER) of maize, in the absence of water deficit in the soil have been quantified. This analysis was carried out in a series of field experiments in northern and southern France over several seasons and years, and in growth chamber experiments. LER was measured with 10 min steps, together with meristem temperature, VPD and PPFD at leaf level in three types of experiments: in growth chamber experiments with steps in PPFD or VPD at constant meristem temperature, in growth chamber experiments with several combinations of constant, but contrasting, PPFDs, VPDs and meristem temperatures, and in the field with fluctuating conditions, (i) When evaporative demand was low (night or day with low air VPD), LER was only linked to meristem temperature, regardless of other climatic conditions, (ii) Light had no effect per se on LER in the range from 0 to 1500 ftmo\ m~2 s~1 for time-scales longer than 2 h, provided that its indirect effects on meristem temperature and on evaporative demand were corrected (in the growth chamber) or taken into account (in the field), and provided that cumulated PPFD over a weekly time-scale was compatible with field conditions, (iii) Evaporative demand sensed by growing leaves, as estimated by meristem-to-air vapour pressure difference, markedly affected LER in the range from 1-4 kPa, at all time-scales under study, with a unique relationship in the growth chamber (constant conditions) and in the field (fluctuating conditions). This effect was only observed when PPFD was high enough for stomata to open. The negative effect of evaporative demand on LER was probably not due to long distance root-to-shoot signalling, since soil was wet, calculated root water potential remained close to 0 MPa and concentration of ABA in the xylem sap was very low. Therefore, it is proposed to model maize LER with a two-step process, involving the calculation of the maximum LER at a given meristem temperature and then the calculation of the reduction in LER due to evaporative demand. Joint analysis of the whole set of data by using the two equations yielded a r 2 of 0.75. This twostep process would be more accurate than the provision of LER from temperature only in cases where air VPD frequently exceeds 2 kPa.
Introduction
In current models of plant development, change with time in leaf area of well-watered plants is predicted from thermal time (Jones and Kiniry, 1986; Ritchie and Nesmith, 1991; Muchow and Sinclair, 1991) . Possible effects of light (photosynthetic photon flux density, PPFD) or of evaporative demand are, therefore, not taken into account, in spite of the fact that laboratory experiments have demonstrated that both variables could affect leaf elongation rate (LER). However, literature on this topic is difficult to interpret, due to apparent contra-dictions between published results. Several groups have reported a positive effect of light on LER, either on cell division rate (Milthorpe and Newton, 1963; Dale, 1965) , or on tissue expansion rate (via the acid growth theory, van Volkenburg and Cleland, 1980) . On the other hand, a negative effect of light on LER of tall fescue has been reported when meristem temperature is artificially maintained at a constant value (Volenec and Nelson, 1982; Schnyder and Nelson, 1988) . This might be due to an indirect effect of light via changes in transpiration rate and in leaf water status, consistently with the results of Shackel et al. (1987) who report an acceleration of expansion rate of Vitis vinifera leaves when transpiration decreases.
We believe that contradictions among published results are largely due to a confusion of the respective effects of temperature, light and evaporative demand in many experiments. For instance, turning on the lights of a growth chamber causes two contradictory effects on LER, in addition to the effect of an increase in PPFD. Meristem temperature can increase by up to 6 °C when lights are turned on, even if air temperature is maintained constant (see, for example, results in this paper). Light has, therefore, a positive indirect effect on LER which is not observed any more if meristem temperature is artificially maintained at constant value, as in the design of Volenec and Nelson (1982) . In the latter case, evaporative demand and transpiration increased when lights were turned on, resulting in an indirect negative effect of transpiration rate on LER. Therefore, we have attempted to analyse quantitatively the respective and combined effects of meristem temperature, of evaporative demand and of PPFD in situations with either constant or fluctuating conditions, in order to use resulting relationships in further models of leaf development.
A methodological choice was to consider that temperature is the main variable affecting LER (Watts, 1972; Gallagher and Biscoe, 1979; Kemp and Blacklaw, 1980) , and that it determines the maximum LER of leaves located at a given position on the stem. It has been shown recently (Ben Haj Salah and Tardieu, 1995) that, under low evaporative demand, maize LER is linearly related to meristem temperature in the range from 10-30 °C, with common relationships for constant (growth chamber) or fluctuating (field) temperatures. The response to temperature was consistent, with common intercepts and common normalized slopes, for several variables linked to leaf growth, namely whole-leaf LER, local cell division rates in all 5 mm segments of the expanding zone and local segmental expansion rates in the same segments.
Light and air vapour pressure deficit (K/>D air ), the main two components of evaporative demand, were considered as potentially affecting LER at a given meristem temperature. Their effects were, therefore, evaluated by calculating the difference of measured LER at a given evaporative demand and the LER which would be expected at the same meristem temperature, but with null evaporative demand. The latter was evaluated from the regression between meristem temperature and LER in growth chamber experiments with low VPD^i r Evaporative demand sensed by growing leaves was estimated by meristem-toair vapour pressure difference, which takes into account VPD UT , but also the indirect effect of light on meristem heating. We have attempted to avoid any confusion of the effects of light and evaporative demand by varying independently PPFD and VPD UT in three situations: (i) in growth chamber experiments with several combinations of constant but contrasting meristem temperatures, PPFDs or VPDs, (ii) in growth chamber experiments with steps in PPFD or VPD at constant meristem temperature, (iii) in the field, with fluctuating conditions. The possibility was also checked that reductions in LER linked to high evaporative demand could be due to a water deficit at root level, even in wet soil, thereby involving root-shoot communication.
Materials and methods
Maize (Zea mays L., Fl cv. DEA) plants were grown in a greenhouse in Montpellier (southern France) at four different dates (April, June and August 1994, September 1995) . Seeds were placed at 0.025 m depth in columns (0.1 m diameter, 0.5 m height) containing a 1:1 mixture (v/v) of a loamy soil and an organic compost. Soil was continuously maintained at water retention capacity by automatic irrigation with a modified onetenth strength Hoagland solution corrected with minor nutrients. Air temperature in the greenhouse ranged from 20-30 °C. In each experiment, batches of 30 seeds were sown at 4 d intervals (2 plants per column). Plants were grown until leaf 6 emerged above the enclosing sheath of the preceding leaf. When the length of leaf 6 (from soil level to leaf tip) reached 350 mm on average, ten columns of a batch, with plants chosen for uniformity of leaf size, were transferred to a growth chamber (Conviron El5, Winnipeg, Manitoba, Canada) .
In the August and September experiments, each batch of plants was then grown at a constant temperature, with different air temperatures among batches (13, 17, 21, 26, 30, and 34 °C in August, 15, 20, 26, 27, 29, 34, and 38 °C in September) . PPFD was constant during experiments, at either 200 (August) or 0 /imol m~2 s" 1 (September). Light was provided by a bank of cool-white fluorescent tubes and incandescent bulbs, and was measured continuously using a PPFD sensor (LI-190SB, LI COR, Lincoln, Nebraska, USA). Air temperature and RH were measured every 20 s (HMP35A Vaisala Oy, Helsinki, Finland). Temperature of the meristematic zone was measured with a fine copper-constantan thermocouple (0.4 mm diameter) located inside the stem at 20 mm from the scutellar node. It was checked by dissection that this position corresponded to that of the meristematic zone. Leaf temperature was measured with a thermocouple placed in contact to the lower face of the leaf. Air, meristem and leaf temperatures remained nearly constant (less than 0.2°C variation). Air RH was manipulated in such a way as to maintain low leaf-to-air and meristem-to-air vapour pressure difference {VPD U and VPD^). Values of VPD± and VPD^ were calculated as the difference between saturation vapour pressures at leaf (respiration-meristem) temperature and at air dew-point temperature. In September, VPDs were smaller than 0.4 kPa, except at 38 °C (0.5 kPa). In August, VPDs were smaller than 1 kPa until 26 °C, and 1.35 and 1.69 kPa at 30 °C and 34 °C, respectively. Experiments lasted at least 12 h, during which LER was nearly constant (Fig. 2, Ben Haj Salah and Tardieu, 1995) . Plants were watered 2 or 3 times per day, as required to maintain soil at retention capacity. Data of temperature, PPFD and RH were averaged and stored every 600 s in a datalogger (Campbell Scientific, Shepshed, Leicestershire, England) .
In the April and June experiments, batches of plants were subjected to sequences of varying PPFD and leaf-to-air VPD, described in 'Results'. Measurements of meristem, leaf and air temperatures, as well as air RH and PPFD at leaf level were carried out in the same way as in the previous series of experiments. Columns were weighted before and after each step of climatic conditions, so mean water flux during the period between two steps was estimated by the ratio of the difference in weights to the duration of the period. At the end of each period, at least four leaves were excised and placed in a pressure chamber for measurement of leaf water potential. 100 mm 3 of sap were then collected with a pressure of approximately 0.5 MPa above the balancing pressure. The sap was stored at -80 °C for subsequent ABA analysis by radio-immunoassay (Quarrie et al, 1988) . A series of similar experiments was carried out in September 1995, but with constant VPDr anging from 0.5 to 3 kPa, for at least 6 h with constant meristem temperature and a PPFD of 500fiinol m~2 s"' at leaf level.
Maize seeds were sown in two fields in northern France (Grignon, near Paris) and southern France (Montpellier), in order to get a wide range of temperatures and VPDs. Sowing dates were 18 June 1993 at Grignon, 10 June and 10 July 1994 at Montpellier, 16 May, 20 June and 10 July 1995 in Montpellier. Temperatures of the air and of the meristematic zones, air RH and PPFD were continuously measured in the same way as in the growth chamber experiments. Gravimetric water content in the 0-0.4 m soil layer was measured and transformed into water potential using water release curves. Soil was watered at intervals of 3 d, such that soil water potential never declined below -0.02 MPa. Measurements were carried out for 23 d (from 6-10 July 1993, from 8-9 June and from 9-11 July 1994, from 14-17 June, from 9-11 July, and from 25-30 July 1995) at the same phenological stages as in the growth chamber experiments, i.e. when the length of leaf 6 (from soil level to leaf tip) reached 350 mm on average. Leaf water potential and concentration of ABA in the xylem sap were measured in the same way as in the growth chamber experiment before dawn, at noon time and at intermediate times of the day (Figs 1, 2). Abaxial and adaxial stomatal conductances of 5th leaves were measured at noon-time, with PPFD higher than 800 junol m~2 s~l, using a diffusion porometer (MK III, Delta T devices, Cambridge UK). Leaf temperature was measured at the same locations by using an infrared thermometer (Horiba IT330, Japan). The porometer was calibrated in the field; stomatal conductance was determined from a non-linear regression equation fitted to a hyperbolic calibration curve. Presented stomatal conductances are the sum of adaxial and abaxial conductances.
Leaf elongation rate (LER) of leaf 6 was continuously measured on six plants per batch (in growth chamber experiments) or per day (in the field). A linear variable differential transducer (Chauvin Arnoux, LVDT-L100, Paris, France) was attached to the tip of each leaf. Elongation was measured every 20 s, and was averaged and stored every 600 s in the datalogger. Measurements began when leaf 6 emerged above the enclosing
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sheath of the preceding leaf, lasted for two phyllochrons and ended before the onset of rapid sheath elongation, i.e. one phyllochron before cessation of leaf elongation. Changes with temperature and air humidity in string length and in LVDT signal were corrected by subtracting the measured signal of a LVDT attached to a non-dilating shaft from the signals of LVDTs attached to leaves. It was also checked by dissection that neither the stem nor the sheath were elongating so LVDT readings corresponded to the elongation of leaf blades only. Finally, it was checked that the weight of the LVDT (18 g) caused no appreciable increase in leaf elongation rate (Ben Haj Salah and Tardieu, 1995) .
Results
Figures 1 and 2 present time-courses of LER and environmental conditions, for 4 d at Grignon and Montpellier. Days 1 and 2 ( Fig. 1 , Grignon) were moderately warm with high PPFD. Dew-point temperature remained approximately constant at 10 °C, while air and meristem temperatures increased during the day, thereby increasing VPD uir up to 1.3 kPa. Meristem temperature was consistently higher than air temperature while the temperature of mature leaves (not shown) was intermediate, so VPD m& increased to 2.6 kPa. This difference in temperature was not due to a reduced transpiration causing leaf heating, since stomatal conductance was high (0.5-0.8 mol m~2 s" 1 , maximum values in this cultivar, Tardieu et al., 1993) . It was linked to heat radiation or conduction from soil surface, which was 7 °C higher than air temperature during the days under study (Guilioni, Ruget and Cellier, unpublished data). Leaf elongation rate underwent day-night alternation, with very low LER during the night and a plateau of LER from 09.00 to 17.00 (solar time). Day 3 (Fig. 2 , Montpellier) had a VPD tiT similar to that in Grignon, but with higher air and dew-point temperatures. This resulted in LER higher than in Grignon, both during day and night. Day 4 had a meristem temperature similar to that in day 3 during the day, but with higher VPD iir (4.1 versus 2 kPa), resulting in lower daytime LER than on day 3. In all cases, predawn leaf water potential was close to 0 and xylem [ABA] had very low values, in the range where g, is at the highest values (Tardieu et al, 1993) and where maize LER is not affected (Zhang and Davies, 1990 ).
Since time-courses of LER in the field were related to simultaneous changes in meristem temperature, PPFD and VPD, responses of LER in the field have been compared to those in growth chamber experiments where meristem temperature and PPFD were constant.
In growth chamber experiments with low evaporative demand (Fig. 3a) , the relationship between meristem temperature and LER was linear in the range from 13-32 °C (r 2 =0.98). Measured LER at 35 °C was slightly lower than the regression line, and it decreased from 35 °C to 38 °C. This relationship did not differ at either 0 or 200 /xmol m~2 s~l and was very similar to that obtained 00.00 12.00 00.00 12.00 Time of the day (solar tme) 00.00 by Khouja (1990) at 1000 ^mol m~2 s" 1 (Fig. 3a) . In the latter experiment, 6th leaves of the same cultivar were measured for 15 h durations with a LVDT in the growth chamber, under low VPD (calculations from author's data yielded VPDs ranging from 0.5 kPa to 1.2 kPa when air temperature increased from 15°C to 30°C).
In field experiments with low evaporative demand (Fig. 3b) , the relationship between meristem temperature and LER (^ = 0.78) was essentially conserved (although with slightly lower values at high temperatures). Nighttime LER was related to meristem temperature with a unique relationship applying for all days under study in both northern and southern France and over several seasons for the three years studied. In particular, intermediate night temperatures of 20 °C caused similar night LER in Grignon and Montpellier. Day-time LER with low VPD^ (lower than 2 kPa, morning or late afternoon) was accounted for by the same relationship as that in the night. PPFD corresponding to the latter points ranged from 100-1500 ^mol m~2 s~\ without relationship with LER. Taken together, experiments in the growth chamber and in the field with low VPD^ suggest a major role for meristem temperature in the day-night fluctuations of LER, and the absence of a direct effect of PPFD at the time-scale under study. Changes in PPFD by 1000 ^mol m" 2 s" 1 affected LER neither in the growth chamber nor in the field, provided that meristem temperature was maintained at a constant value.
In cases with high evaporative demand (VPD^ > 2 kPa and PPFD >500^mol m" 2 s~\ Fig. 3c ), elongation rates were markedly lower than the regression line in Fig. 3a , both in the field and in the growth chamber. In contrast, there was no clear relationship between LER and VPD^ when PPFD was near 0, either in the field or in the growth chamber, i.e. when stomata were closed. This suggests that VPD^ acted via evaporative demand.
The concentration of ABA in the xylem sap (Fig. 3d ) was lower than 20/xmol m~3 in all the above-mentioned experiments regardless of evaporative demand. Consistently, soil water potential was higher than -15 kPa, predawn leaf water potential was higher than -0.25 MPa and noon-time stomatal conductance ranged The respective effects of light and VPD^ were further analysed on shorter time-scales in a series of growth chamber experiments with step changes. In a first experi- . Time-course of leaf elongation rate and related variables in a growth chamber experiment. At 8 h, photosynthetic photon flux density (PPFD) was increased in one step, air temperature and RH were controlled in such a way that meristem temperature and meristem-toair vapour pressure difference (VPDnJ remained constant. At 15 h, air dew-point temperature was decreased in one step, causing increase in VPD^. Presented together with changes in meristem, leaf, air and dewpoint temperatures, leaf water potential (<fi) and concentration of abscisic acid in the xylem sap ([ABA]). Error bars are the interval of confidence at the 0.05 probability level, presented every hour (versus 30 min for data points) for better legibility. ment (Fig. 4) , PPFD was increased in one step from 0 to 450 ^mol m~2 s" 1 , while air temperature was simultaneously decreased and RH increased in such a way that meristem temperatures, leaf temperatures and dew-point were maintained constant. As a consequence, neither meristem temperature nor VPD mA (1.3kPa before and after light) were affected by the increase in PPFD. Measured LER suddenly decreased to near-zero and steadily recovered for 2 h, until reaching its value before illumination. An increase in VPD mx , obtained by decreasing dew-point temperature, was then imposed in 30 min. Measured LER decreased for 2 h, and stabilized at 0.5 mm h" 1 without recovery for 6.5 h. Leaf water potential decreased with both increases in PPFD and VPD^, while xylem [ABA] underwent small changes (less than 30 /xmol m" 3 in all cases). In the second experiment (Fig. 5) , carried out at higher temperature and VPDs, changes in PPFD and VPD^ were imposed simultan- . Time-courses of leaf elongation rate and related variables in a growth chamber experiment. At 12 h, photosynthetic photon flux density (PPFD) was increased in one step and air temperature was decreased in such a way that meristem temperature remained constant (but not menstem-to-air vapour pressure difference, VPD^). At 20 h, dew-point temperature was further decreased. At 27 h, light and dewpoint temperature were returned to original values. Presented together with changes in meristem, leaf, air and dew-point temperatures, leaf water potential (if) and concentration of abscisic acid in the xylem sap ([ABA]). Error bars are the confidence interval at the 0.05 probability level, presented every hour (versus 30 min for data points) for better legibility. eously, with constant meristem temperature. This caused a brutal decrease in LER, which recovered in 2 h and stabilized at a value lower than the initial value. A second increase in VPD m , caused a further reduction in LER, which decreased for 2 h before stabilizing without appreciable recovery for 4 h. LER recovered to pre-illumination values when both PPFD and VPD m were restored to their original values. In both experiments, soil water potential was maintained at high values throughout the period under study, predawn leaf water potential was high (-0.1 MPa) at the beginning and at the end of the experiment, and xylem [ABA] was very low, although slightly higher (1CMM) ^mol m~3) than in the field study.
All the above-mentioned results were analysed jointly by considering the difference between actual LER (LERJ measured in the conditions under study and the LER which would have been observed at the same temperature Fig. 6 . Analysis of the effect of menstem-to-air vapour pressure difference (VPD^) on leaf elongation rate in the growth chamber experiments LER.-LER^ is the difference between actual leaf elongation rate (LERJ and LER which would be expected at the same menstem temperature, but low evaporative demand (LER,^). LER^, is derived from the regression line in Fig. 3a and measured meristem temperature. Each point is the coupled value of LER and meristem temperature averaged for 6 h. Dashed line is the regression line (^ = 0.62). Meristem-to-air VPD (kPa) Fig. 7 . Analysis of the effect of menstem-to-air vapour pressure difference (VPD^ on leaf elongation rate in the field presented for three ranges of menstem temperature. LER^-LER^. difference between actual leaf elongation rate (LERJ and LER which would be expected at the same menstem temperature, but low evaporative demand (LER^). LER^ is derived from the regression line in Fig. 3a and measured meristem temperature. Each point is the coupled value of LER and meristem temperature corresponding to one leaf, averaged for I h. Solid line, regression line (^ = 0.67).
at low VPD^ (LER ng ). The latter was deduced from the regression line fitted from the relationship between meristem temperature and LER in growth chamber experiments with low VPD^ (Fig. 3a) . In growth chamber experiments, the difference between the plateau of LER, observed after stabilization at a given VPD mK and LER ni was linearly related to VPD ma (r 2 = 0.62) regardless of the temperature at which the experiment was carried out (Fig. 6) . This relationship was approximately linear for VPD^ ranging from 0.5-2.7 kPa.
The same analysis was carried out for field experiments. In this case, LER averaged for a period of 1 h was subtracted from LER na defined as previously, and the difference was related to the mean VPD^ during the 1 h study period. Differences are presented in Fig. 7 in three ranges of meristem temperature between 10°C and 32 °C, in order to avoid confusion of effects of meristem temperature and of VPD^. In each range of temperature, the difference between LER^ and LER ns was linearly related to meristem-to-air VPD, with a unique relationship (^ = 0.67) which applied for experiments carried out in Grignon and Montpellier, and for all the days under study. This analysis was not carried out at temperatures higher than 32 °C, where the relationship between meristem temperature and LER was not linear.
The relationships between LER^ and LER ni were similar in the field and in the growth chamber experiments, with insignificant difference between slopes and intercepts of regression lines (covariance analysis at 0.05 risk). The relationship still stood if LER % -LER ICi was plotted against air VPD, although regression lines clearly differed among experiments in this case (not shown). Differences between LER^ and LER ni were not clearly related to leaf water potential (^ = 0.37).
Symmetric analyses of the respective effects of PPFD and of VPD mn (Fig. 8) , carried out over the whole set of data, suggest that PPFD had no effect per se on leaf elongation rate in the field. As PPFD and VPD^ are usually correlated in the field, the effect of VPD,^ in three contrasting ranges of PPFD has been analysed, and also the effect of PPFD in two ranges of VPD^. In the three ranges of PPFD studied, leaf elongation rate was affected by VPD mn with a common relationship for field and growth chamber data. Parameters of the regression line did not differ (covariance analysis at 0.05 risk) in the three ranges of PPFD. In contrast, the effect of VPDô n LER was independent of PPFD. Leaf elongation rate was clearly affected, regardless of PPFD, when VPD mA was higher than 2 kPa (Fig. 8e) . It was virtually unaffected in the whole range of PPFD (LER^-LER^g ranging from -1.8 to +1.7) when VPD^ was lower than 2 kPa (Fig. 8d) . The small effect of VPD^ in the range from 0-2 kPa (Fig. 8a, b, c) was lost in the scatter of points in Fig. 8d .
Simple calculations of root water potential, using the van den Honert (1948) equation suggest that root water potential remained at near-zero values in all our experiments: if 0 root is root water potential, <p t is leaf water potential, J w is the water flux through the plant and R p is the resistance to water flux through the plant. R p of young maize plants in nutrient solution was measured by Morizet et al. (1988) , with a resulting value of 8 x 10 6 MPa m" . LER^-LER^ is the difference between actual leaf elongation rate (LER,) and LER which would be expected at the same meristem temperature, but low evaporative demand (LER-nJ. LER^ is derived from the regression line in Fig. 3a and measured meristem temperature. Each point is the coupled value of LER and meristem temperature corresponding to one leaf, averaged for 1 h. Symbols as in Fig. 3a , b, c.
Similar calculations in the field, where J w was calculated from measured stomatal conductance and leaf-to-air VPD (for details of the calculation, see Tardieu et al, 1996) , yielded values of </i root greater than -0.05 MPa in all cases, regardless of VPD^. Both measured concentration of ABA and calculated tfi TOOl therefore suggest that roots did not experience water deficit in the studied conditions (field and growth chamber) where soil water status was near retention capacity and predawn leaf water potential was close to or higher than -0.2 MPa.
Discussion

Mode of action of evaporative demand
It is deemed unlikely that increased evaporative demand could have caused a water deficit at root level in the experiments described here. Soil water potential remained at high values throughout the experiment, and predawn leaf water potential was nearly the same at the beginning and at the end of all experiments. Increased evaporative demand could still have caused an appreciable decrease in root water potential, but calculations of root water potential suggested that this was not the case. In addition, the concentration of ABA in the xylem sap remained very low, especially in the field (Fig. 3d) . Measured xylem [ABA] always remained below the value of 50 jxmol m~3 for which Zhang and Davies (1990) and Ben Haj Salah and Tardieu (unpublished results) found no effect of ABA on maize LER It is argued, therefore, that the reduction in leaf elongation rate with evaporative demand in wet soil was due to local events in the leaf, linked to water flux or leaf water status and in the absence of appreciable signal from roots. This local signal could be superimposed on to a root-to-shoot signal (Passioura and Gardner, 1990; Gowing et al., 1990) which reduces LER when water deficit occurs in the soil.
Transient changes in LER after illumination are frequently interpreted as a consequence of a reduction in cell turgor potential (<fr p ), followed by osmotic adjustment which causes recoveries of turgor and expansion rate (Shackel et al, 1987) . Turgor potential of non-growing leaves drops rapidly after illumination (Frensch and Schulze, 1988; Pardossi et al, 1994) , and partially recovers after 2 h in Frensch and Schulze's observations. In contrast, a change in VPD from c. 0.6 to c. 1.6 kPa caused (Frensch and Schulze, 1988) a decrease in leaf i/i p without recovery for 3 h. This change in VPD had no effect on <p p in the absence of light. The similarity in timecourses of the growth chamber observations of LER in this work and the above-mentioned observations of <Ji p suggests a role for turgor in the response of LER to light and VPD. However, other mechanisms might also be involved in the observed responses of LER. An imbalance of water influx and efflux into expanding cells might occur as a consequence of increased transpiration (Boyer, 1985) and change in evaporative demand could cause a hydraulic signal causing rapid cell wall hardening (Chazen and Neuman, 1994) . Cell wall mechanical properties have been shown to react rapidly enough (McQueen-Mason, 1995) to account for the observed time-courses of elongation rate. These hypotheses were not analysed in detail as turgor in cells of the expanding zone could not be reliably measured with a pressure probe. The expanding zone of maize leaves is enclosed with the sheaths of several older leaves, so all techniques aimed to reach it resulted in considerable perturbations of LER and, presumably, of cell turgor. In spite of uncertainties on its precise mechanisms, the possibility of an effect of evaporative demand in the absence of signals from roots is important in the debate on the control of leaf expansion.
Quantitative effects of temperature, light and evaporative demand, consequences for modelling
Temperature: Provided that evaporative demand was low, similar LER were observed at a given temperature in the growth chamber and in fields located in northern and southern France, for several years. This suggests that this common LER was the maximum possible LER at the temperature under study. It corresponded to co-ordinated responses to temperature of local cell division rates and of local tissue expansion rates in the expanding zone, such that the distributions of cell size and of the proportion of dividing cells in the expanding zone did not change with temperature (Ben Haj Salah and Tardieu, 1995) . Therefore, it can be assumed that maximum LER at a given temperature was determined by the maximum activities, at this temperature, of key enzymes acting on cell wall relaxation and on cell division. Determination of a temperature-based maximum leaf elongation rate allows the analysis and modelling of the effects of other environmental variables by considering the difference between actual and maximum LER.
The relationship between maximum LER and meristem temperature gives a strong basis to the use of thermal time in models of leaf growth. It can be extended to a daily time-scale as it was linear and did not depend on the time-scale under study. Since, in addition, it was common for several experimental conditions in the field and in the growth chamber, it can be used at a daily time-scale to simulate maximum maize leaf expansion in crop models. In particular, this analysis provides direct estimates of the base temperature, 10°C, and of the maximum temperature, 32 °C. Meristem temperature can easily be calculated (Cellieref a/., 1993) from conventional meteorological data, by using a simple model of heat balance of the maize apex.
Light: The effect of light on LER depended on the timescale under study. Rapid steps in PPFD in the growth chamber had a transient negative effect, as classically observed (Volenec and Nelson, 1982; Schackel et al., 1987) . However, measured LER recovered after 2 h to its pre-illumination value, provided that meristem temperature and meristem-to-air VPD were maintained at preillumination values. This involved reducing air temperature to compensate for heat gain due to light radiation and adjusting air RH to keep a constant VPD^.
At a time-scale longer than a few hours (8-48 h), PPFD had no apparent effect on LER in growth chamber experiments with low evaporative demand. The response curves of LER to temperature were similar in the absence of light (night in the field or in the growth chamber) and at PPFD of either 200 or 1000 ^mol m" 2 s' 1 . The negative effect of light on LER, observed by Volenec and Nelson (1982) and Schnyder and Nelson (1988) , was probably due to an increase in evaporative demand as in the second growth chamber experiment (Fig. 5) where air RH was not adjusted to keep a constant VPD.
Fluctuating PPFD in the field (Fig. 8) probably had no effect per se on LER. An analysis over the whole set of data revealed a weak correlation between LER and PPFD (not shown), but this correlation disappeared if data were split in several ranges of VPDs as in Fig. 8d and e.
It is therefore concluded that light had no direct effect on maize leaf elongation rate for time-scales longer than 2 h, and that it only acted through its indirect effects on meristem temperature (positive effect) and on evaporative demand (negative effect). As a consequence, it is suggested that for modelling maize leaf area the direct effect of light should be omitted. Indirect effects of light are taken into account in the calculation of apex temperature (Cellier et ai, 1993) and of evaporative demand (PenmanMonteith equation). However, the conclusion of an absence of effect of PPFD was only valid when cumulated PPFD for a time-scale of several days was compatible with field conditions (mean daily PPFD ranging from 10-20 mol m~2 d" 1 over a weekly time-scale). Lower cumulated PPFD caused a reduction in LER in growth chamber experiments (not shown), possibly because of a lack of photosynthates (Milthorpe and Newton, 1963; Dale, 1965) . Such low cumulated PPFD are quite seldom in field conditions.
Evaporative demand: Changes in VPD ma had a consistent effect on leaf elongation rate regardless of the time-scale under study, as no recovery was observed in any of the growth chamber experiments for durations up to 6 h. A unique relationship between LER and VPD mK applied in the growth chamber as well as in the field (fluctuating conditions), in several ranges of meristem temperature and for several seasons of three years. As meristem temperature was close to that of the mature blade of the same leaf, VPD^ can be considered as an estimate of evaporative demand as it is sensed by the growing leaf. It depended on both VPD mr and PPFD, as light caused meristem heating, thereby increasing the difference between meristem and dew-point temperatures. The analysis in Fig. 8 suggests that PPFD only acted via its effect on evaporative demand estimated by VPD mx , provided that PPFD was high enough for stomata to open, so air spaces in the leaf were in contact with surrounding air. As the relationship between changes in LER and evaporative demand was linear and independent of the timescale under study, it is probably acceptable to extend it to a daily time-scale and to use the Penman-Monteith approximation for calculating evaporative demand in the modelling process of LER.
Maize leaf elongation rate is therefore modelled with a two-step process. The first step calculates the maximum LER at a given meristem temperature by using the Leaf elongation and evaporative demand 1697 equation in Fig. 3 , and the second step calculates the reduction in LER due to evaporative demand, using the equation in Fig. 5 to 8. Joint analysis of the whole set of data by using these two equations yielded a r 2 of 0.75. This two-step process would be more accurate than provision of LER from temperature only, in cases where VPD frequently exceeds 2 kPa, such as in Mediterranean climates.
Conclusion
Our analysis suggests that the apparently complex actions of light, evaporative demand and meristem temperature on leaf elongation rate (LER) can be simplified by taking into account two relationships. The first of them relates meristem temperature to maximum LER at this temperature, and the second relates evaporative demand sensed by growing leaves (as estimated by meristem-to-air vapour pressure difference) to the difference between actual LER and maximum LER at a given meristem temperature. Both relationships applied to fluctuating as well as to constant conditions, in the growth chamber as well as in the field. It is suggested that photosynthetic photon flux density had no effect per se, provided that cumulated PPFD for a weekly time-scale was compatible with field conditions. In this case, light only acted through its indirect effects on meristem temperature and on evaporative demand. LER was affected by evaporative demand in the absence of water deficit at root level and in the absence of appreciable ABA signal in the xylem sap. It is therefore suggested that LER reductions by evaporative demand in well-watered plants were due to a local control in the leaf.
